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Abstract 
The article presents the results of experimental studies of a partition with attached two adjacent layers of PCM with different 
thermal characteristics. It was assumed that a priority function of the PCM in the partition is accumulating excessive heat gains 
and protecting the interior from overheating in the summer. Such assumption determined conditions during the experiment. The 
aim of this study was to determine the actual behavior of the partition containing two different phase change materials. Benefits 
of simultaneous application of phase change materials of various parameters with a given, dynamically changing temperature of 
surroundings were defined. Various configurations of layers of PCM materials were analyzed. The analysis presented in the 
article can be used as a guide for working with a multilayer composite wall and allows validation of numerical models for such 
solutions. 
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1. Introduction 
The issue of reducing the risk of overheating light energy-efficient buildings is still current. Many studies 
indicate a high potential for the storage of excessive heat gain by the latent heat by the use of phase change materials 
(PCM) [1-8]. However, the best use of this potential is still problematic, because the effectiveness of applied 
solutions is often unsatisfactory. 
One of the directions which is worth analyzing in the context of increasing PCM efficiency is a solution of 
simultaneous application of several layers of PCM materials with different thermal characteristics [9]. This subject 
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was raised by several authors who have tested similar solutions in different parts of buildings. Xing Jin and 
Xiaosong Zhang [10] proposed a double-layered PCM floor. There are two layers, which have different melting 
temperatures. The components are used to store heat or cold energy during the off-peak period and release the 
energy during the peak period. A. Pasupathy and R. Velraj [11] analyzed the effect of double-layered phase change 
materials in building’s roof. Diaconu and Cruceru [12], and Na Zhu, Hu Pingfang, Linghong Xu [13] in their articles 
include analyses of the effects of application of several PCM layers in walls. These analyses are based on numerical 
simulations. In their paper, Diaconu and Cruceru [12] show the results of simulation of external partition containing 
two different layers of PCM (as outer and inner layer). This solution resulted in reducing peak cooling demand by 
35.4% and an average reduction in demand for heating purposes by 12.8%. Zhu, Pingfang Hu and Linghong Xu [13] 
presented a numerical analysis of double-layered shape-stabilized phase change materials wallboards. The new wall 
system consists of a three-layer sandwich-type panel (outer layers consisting of wallboards with PCM and middle 
layer consisting of conventional brick). 
The credibility of the thermo-physical properties of PCM is the basis for numerical simulations. Data supplied by 
laboratory tests often do not fully reflect the actual behavior of these materials applied on a partition. Additionally, it 
is difficult to include a hysteresis feature of this type of material in the numerical model.  
Therefore, it seems reasonable to conduct an experimental research of a partition comprising two immediately 
adjacent layers of PCM with different thermal characteristics. This article presents the results of such tests, and their 
analysis with an emphasis on the actual use of the potential of PCM. 
2. The goal and the scope of the undertaken actions  
The aim of this study was to determine the actual behavior of the partition that uses a combination of two 
different phase-change materials: in a dispersed form in cardboard and in a concentrated form inside a polyester 
film. The benefits of simultaneous application of phase-change materials of various parameters for a set, 
dynamically changing ambient temperature were determined. The values measured both on the surface as well as 
between the layers of a partition were the temperature and the density of heat fluxes. Three different configurations 
of PCM layers were analyzed. The influence of the length of overheating period and the ambient temperature growth 
rate on the modified partition’s thermal conditions were also analyzed. 
Based on the results, the quantity of energy stored in the PCM per mass unit was calculated and compared to the 
results calculated on the basis of calorimetric studies. Presentation of such results allows for a comparison of 
different solutions for the actual use of phase change latent heat which measures the effectiveness of the applied 
PCM. 
The research plan included three stages. In the first and second stages, individual layers of materials were 
researched (PCM later used in stage three). Temperature and heat flux density were analyzed both on and under the 
surface of the individual layers comprising PCM and attached to the partition. On the basis of these analyses, 
materials whose combination can provide beneficial results were selected. The article focuses on the results from the 
last, third stage of the research, referencing to and based on the results from the two previous stages. 
The described analysis is intended as a guide for works on a multilayer composite wall and tries to enable 
validation of numerical models of such solutions. 
3. Environmental chamber examination of phase change materials. 
The measurement station was built inside a group of climate chambers. The group consists of two chambers (so 
called ‘warm chamber’ and ‘cold chamber’) between which the examined partition was placed. The basic partition, 
to which additional layers were attached, was a light frame wall with the dimensions of 195cm x 210cm. The basic 
partition layers are a 15-centimeter styrofoam board and an interior drywall envelope. The surface of the partition 
inside the ‘warm chamber’ was divided into four measurement fields, to which additional layers of materials were 
attached. 
3.1. Characteristics of used materials 
The subject of the research presented in this article is the use of a combination of plasterboards containing PCM 
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(of 30% of mass fraction) and flexible storage tanks filled with a concentrated form of a phase-change material. The 
two layers were attached to a light partition (basic partition) placed in a environmental chamber. The research was 
conducted for three materials configurations. The materials used have different thermal characteristics of phase-
change. 
The two stages preceding the presented experiment, the analysis of which was necessary for appropriate selection 
of materials combined in the final stage, were: 
- Stage 1, during which the thermal parameters of the wall with attached single layers of cardboard containing PCM 
of two different thermal characteristics and a traditional board were tested. 
- Stage 2, which was to study the partition with fixed mats filled with PCM (hereinafter referred to as bio PCM) of 
different properties and quantities (two mats with the same properties but different thickness and one of different 
thermal properties), and a thin aluminum panel filled with PCM. 
During each of the above described stages, over a dozen different measuring cycles were run. The duration of 
each cycle and the course of the temperature inside the warm chamber were chosen to match conditions of summer 
and transition seasons inside sunny premises located within Polish climatic conditions. 
All materials used in the first and second stage were tested using a calorimeter DSC (214 Polyma type). 
Stage three, which is the subject of this analysis, researched an overlay of the materials used in the first and 
second stages. The selection of materials was based on an analysis of the course of thermal conditions below the 
surface of tested materials, and on obtained actual ranges of the phase transition. Configurations of materials were 
selected so that in the case of a very large thermal load inside the room the second (deeper) layer of PCM would be 
activated. Activation of the second layer should start in the moment when the whole cross-section of the surface 
layer is phase changed. Based on the course of density of heat suppression beneath the layers of PCM (obtained in 
the first and second stages), one can also estimate the latent heat of phase change which should characterize the 
material used for the second, deeper layer. 
Following the above guidelines, materials with different phase change characteristics were selected and were 
subsequently attached to the basic partition as two immediately adjacent layers for the duration of the third stage 
(Figure 1). Three material configurations were tested: 
- Variant A: a plasterboard comprising PCM (Smartboard 23, hereinafter referred to as PCM 23) and on its surface a 
mat comprising PCM (bioPCmat 25, hereinafter referred to as mat bioPCM 25) were attached to the basic partition. 
- Variant B: a plasterboard comprising PCM (Smartboard 26, hereinafter referred to as PCM 26) and on its surface a 
mat comprising PCM (bioPCmat 23, hereinafter referred to as mat bioPCM 23) were attached to the tested partition. 
- Variant C: a regular plasterboard and on its surface a mat comprising PCM (bioPCmat 25, hereinafter referred mat 
bioPCM 25) were attached to the tested partition. 
 
 
Fig. 1 Additional layers of PCM attached to the basic partition (a plasterboard with PCM and a mat with a concentrated form of PCM). 
During the third stage, 31 different measuring cycles were run, whose characteristics are listed in Table 1. These 
cycles differ in air temperature range for both hot and cold chambers, in heating and cooling rates, and in duration of 
the maximum temperature persistence. The duration of each cycle and the temperature course inside the warm 
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chamber were chosen so that they would reflect the conditions prevailing in the summer and transition seasons in 
sunny areas with Polish climatic conditions. The conditions inside the chamber and the timing of each cycle are 
similar to conditions during previous stages of research. 
  Table 1. Characteristics of cycles 
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1 0217 15-34 10 3.5 4 4.5 8 
2 0328 14-33 11 3.5 4 4.5 5 
3 0330 15-33 12 4.5 3.5 4 12 
4 0330a 15-33 12 3.5 4 4,5 12 
5 0330b 15-33 12 3.5 4 4,5 12 
6 0411 15-33 3 5.5 3 3.5 12 
7 0411a 15-33 12 5.5 3 3.5 12 
8 0411b 15-33 12 5.5 3 3.5 12 
9 0414 15-33 6 3,5 3 3 6 
10 0414a 15-33 12 3,5 3 3 12 
11 0414b 15-33 12 1,5 3 3 16 
12 0428 15-33 4 4,5 4 4 8 
13 0428a 15-33 8 2,5 4 4 10 
14 0505 15-33 10 0 5 5 12 
15 0505a 15-33 12 0 5 5 10 
16 0705 15-33 10 1 4 4 10 
17 0805 15-33 10 4 6 6 13 
18 0805a 15-33 13 2 6 6 9 
19 0805b 15-33 9 2 6 6 9 
20 0805c 15-33 9 2 6 6 12 
21 0805e 15-33 12 1 6 6 9 
22 1305 15-28 11 6 4 4 11 
23 1305a 15-28 11 4 4 4 11 
24 1305b 15-28 11 2 4 4 11 
25 1605 15-28 11 4 6 6 10 
26 1605a 15-28 10 4 6 6 10 
27 1605b 15-28 10 4 6 6 8 
28 1605c 15-28 8 2 6 6 10 
29 1605d 15-28 10 1 6 6 14 
30 1605e 15-28 14 1 6 6 8 
31 1605f 15-28 8 1 6 6 24 
 Anna Zastawna-Rumin and Katarzyna Nowak /  Energy Procedia  91 ( 2016 )  259 – 268 263
3.2. Equipment 
Temperature and heat flux density were the values measured both on the surface and between the partition layers. 
On the surface of each of the fixed pads, three temperature sensors (type K thermocouples) and Pt 1000 sensors, in 
control function, were placed. On the mat surface, temperature sensors were located both on the surface filled with 
PCM and between fillings. The course of heat flux on and beneath the surface of plasterboards at specified variable 
ambient temperature conditions was measured using heat meters (square-shaped, measuring 120×120 mm). The air 
temperature inside the chambers (at different heights corresponding to the location of heat meters) was measured 
using temperature sensors Pt 100 and Pt 1000. 
4.  Results analysis 
An example chart of the course of difference between the reference temperature (basic partition surface) and the 
surface temperature of a mat filled with PCM (for cycle 0805) is shown in Figure 2 below.  
 
 
 
Fig. 2 Difference between temperature on the surface of basic partition and on the surface of researched materials. 
 
The temperature difference between the surface of the mat and the basic surface for variant A, after the 
temperature inside the chamber exceeds 33°C, is by far the largest (Fig. 2). After 2 hours, the difference shows a 
strongly decreasing trend. The analysis of all the cases from Table 1 shows that the combination of PCM 23 
cardboard and PCM 25 bio mat (variant A) seems to be more advantageous in the case of a large, but rather short-
term thermal load. Such a situation can occur in rooms with windows, which on the one hand can contribute to high 
direct heat gains, and on the other hand can also enable ventilation of the room to prevent long-term persistence of 
the maximum temperature. 
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The second combination (variant B), when air temperature exceeds 33°C, indicates a stable temperature 
difference of 1K. This difference seems small, but this effect lingers throughout the whole period of the maximum 
temperature. For temperature at 22°C and 29°C, a higher effectiveness of this solution inside the chamber is 
noticeable, than for other variants. The analysis of the course of surface temperature of the upper layers of the 
partition in the other cycles indicates that the combination of materials can be beneficial for smaller thermal loads or 
for loads of debt, that are sustained for a very long period of time. This may be typical for rooms without windows 
and with hindered ventilation. Heat gains occurring within such spaces during the summer season are a consequence 
of direct gains (from people, equipment, etc.) and indirect profits from neighboring overheated rooms. In such 
premises the thermal loads are smaller than in rooms exposed to direct sunlight, but from the moment the air 
temperature is no longer comfortable, the lack of ventilation possibilities makes such a situation persist for a long 
time. 
A prolonged, as compared to a single layer mat, time of discharging PCM panels is a downside of the analyzed 
solutions. In the case of bio PCM 25 mat and PCM 23 board, this period is about 5 hours at 15°C, for the second 
solution this time is 6.5 hours. Such an intensive cooling with outdoor air flow only during the night is difficult to 
implement. 
Accordingly, a solution could be active cooling of the material by, for example, placing a coil on the mat’s 
surface that would channel cooling water during night time (which could also be used as  heating means for water 
for utility purposes) or by using an air gap between the PCM and the thermal insulation and strong ventilation of it 
during the night. These solutions could be applied only in the case of activation of PCM’s deeper layers. 
4.1. Heat flux density analysis 
Registering indications of heat meters placed on and under the surfaces of researched plasterboards (under a layer of bio 
PCM mat) allowed plotting graphs of heat flux density courses for each cycle. An example of such a course (for cycle 0805) 
is shown in Figure 3. It shows a greater heat flux density on the material surface and a lower heat flux density under the 
surface of a board containing PCM in respect to a regular board. In the case of large heat loads inside the rooms, this 
demonstrates the active role of phase-change material also in boards placed underneath PCM mats. 
Based on indications of heat meters, graphs were plotted which show the difference in heat flux density at each 
time step (Figure 4). These values provide information about the instantaneous thermal energy storage capabilities 
within the boards. 
The accumulation of energy in PCM 23 board occurs most intensely when the temperature inside the chamber 
exceeds 30°C. The temperature on the surface PCM 23 board (below the surface of bio PCM 25 mat) exceeds 
24.5°C. The decrease in PCM 23’s efficiency is caused by phase-change material’s reaction on the whole cross 
section of the board. A proof of this is a decline in heat meter’s measurements on the surface of the board, which is 
initiated by the increase in heat meter measurements under the board. 
In the case of PCM 26 board, a decrease in the amount of stored energy is caused by the beginning of the cooling 
process inside the chamber and not by the phase change of PCM. This is indicated by stable levels of stored energy 
throughout the entire period when the maximum temperature lingers and by the course of heat flux density (despite 
the downward trend of heat meter on the surface of the board, the heat meter’s indications under its surface do not 
show a noticeable upward trend). 
The analysis of heat flux density courses confirms the conclusions reached after the observations of temperature 
course on the surface of materials. The combination of PCM 23 board and bio PCM 25 mat is associated with a 
large cooling effect, but the PCM used quickly enough undergoes a phase change on the whole cross section, and 
the heat storage capacity is reduced. For the combination of PCM 26 board and bio PCM 23 mat, the material 
contained in the board is active for the entire period of the thermal load, but the change is slow which results in low 
cooling capacity. 
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Fig. 3 Course of heat flux density on and under the surface of cardboards for cycle 0805 
 
Fig. 4 Heat flux difference on and under the surface of cardboards for cycle 0805. 
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Based on the heat flux density courses and temperatures both on material’s surface and of air inside the chamber, 
nomograms showing the dependence of accumulated energy on  the thermal conditions were prepared. An 
exemplary chart for cycle 0805 is shown in Figure 5. The graphs illustrate a significant hysteresis, present in the 
case of PCM. 
 
 
 
Fig. 5 The balance of stored energy for plasterboard as a function of surface temperature (for cycle 0805). 
 
Similar charts were plotted for all the researched cycles.  
The course of air temperature during cycles 0217-0805e, has been chosen so that it can represent conditions in premises 
with large thermal gain (air temperature reaches 33°C). The amount of energy accumulated during these cycles varies 
considerably, which is a result of different rates of heating and cooling and of time with the maximum temperature of air 
inside. Maximum values of the energy stored inside the boards are: 165.37 Wh/m2 for PCM 26 board (in the cycle 0411b), 
158.77 Wh/m2 for PCM 23 board (cycle 0805) and 49.34 Wh/m2 for regular board (cycle 0411b). These values result from a 
long period of heating and lingering of high temperatures. The aggregate periods of heating and maintaining the maximum 
temperature in these cycles are similar: for cycle 0411b it is 8.5 hours and 10 hours for cycle 0805. However, the proportions 
of the heating duration to temperature stabilization at its maximum level are different (for the cycle 0411b: three hours of 
temperature increase from 15°C to 33°C and then 5.5 hours at 33°C; for the cycle 0805: six hours of heating and four hours at 
33°C). The analysis of heat fluxes indicates that PCM 23 board covered with a bio PCM 25 mat is able to store more energy 
in free fusing process and with a shorter maximum heat load within the chamber. PCM 26 board covered with a bio PCM 23 
mat can store more energy in conditions of a long period of sustained maximum temperature. 
Rooms with a lower degree of overheating (where the maximum air temperature is 28°C) can be represented by the 
temperature conditions adopted during cycles 1305-1605f. The maximum values of stored energy are: 89.9 Wh/m2 for PCM 
26 (cycle 1605), 102.9 Wh/m2 for PCM 23 (cycle 1605b) and 35.91 Wh/m2 (cycle 1605). These results occur in cycles in 
which the heating process lasted the longest. The length of the heating time and of sustaining the maximum temperature 
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is the same as in cycle 0805 for the range of air temperature of 15-33°C (wherein PCM 23 board accumulated the largest 
amount of energy). 
The lowest amount of energy was stored in cycle 1305b, which is characterized by the rapid pace of room heating to a 
temperature of 28°C and a short period of maintaining this temperature (1 hour). In this cycle, the energy stored in boards was 
only 2.2 (for PCM 23) and 1.7 (for PCM 26) times greater than in a regular board. 
In most cases, it was assumed that the room is intensively cooled after each cycle (air temperature at 15°C). In real 
premises located in Poland, such conditions are very difficult to implement using only night ventilation. However, assuming 
such conditions makes it possible to analyze the impact of thermal conditions adopted during a given cycle on energy storage 
capabilities. This ensures that the results are not resulting from conditions in a previous cycle. This assumption is based on 
research carried out in the first and second stage, which show a very high dependence of stored energy amount on a preceding 
cooling period. The analysis focuses on the maximum possible effects of the application of PCM layers and takes into 
account the need to implement, in some situations, the aforementioned active ways of cooling individual layers. 
The idea of PCM is based on increasing accumulation possibilities of partitions while avoiding a significant increase in 
their mass. Accordingly, an extremely important parameter is the quantity of accumulated energy per mass unit of the used 
phase-change material. For each cycle, the amount of energy stored in added PCM was calculated and compared to the 
calorimetric research results. Calculations show that these materials, despite very intensive room cooling after each cycle, use 
at most 50% of their theoretical possibilities. After analyzing the results of the first stage of research, this information was not 
surprising for PCM boards working independently; the factor which is a measure of the degree of utilization of the theoretical 
possibilities of PCM in terms of air temperature in the range of 15°C-33°C is just higher. What is surprising, however, is a 
relatively small disparity between the results of the first and the third stage of research, which evidences a slightly worse PCM 
boards usage as an additional layer located under bio PCM mats. 
5. Summary and conclusions 
The research was designed to determine the benefits of simultaneous use of phase-change materials with different 
parameters. The obtained results are the basis for analyzing the impact of combined different phase-change materials 
on accumulation capabilities of partitions and on thermal conditions of the modified partition. 
The calculated amounts of stored energy prove low use of PCM contained in the tested boards. From these 
results, one can conclude that PCM, as the second layer covered with bio PCM mats, is active in most cases. Its 
utilization, while not exceeding 50% of its potential, is not much lower than for the use of unassisted PCM boards. 
On this basis, one can draw conclusions about the usefulness of solutions involving overlapping PCM materials with 
different characteristics. Nevertheless, a search for opportunities to increase the use of the heat storage potential in 
the way of latent heat of phase change should be continued. 
In case of using an additional layer, the demands on the intensity and length of room cooling increase, which in 
practice may require special solutions allowing efficient cooling of the material. 
The analysis shows that for only slightly overheated premises, a system operates in a manner similar to a single 
layer of a bio PCM mat. The second layer begins to be active only in case of a long period of overheating. 
The combination of a cardboard containing PCM 23 and bio PCM 25 mat results in achieving maximum values 
of the instantaneous temperature difference between PCM surface and a model surface, but the period of this effect 
sustenance is relatively short. This solution appears to be more advantageous in case of large but rather short heat 
load. Such a situation may occur in rooms with windows, which on the one hand contribute to large direct heat 
gains, and on the other hand allow ventilation of the room to prevent long-term maintenance of the maximum 
temperature. The rate of energy release during air cooling is relatively slow, a result of which is a need for intensive 
cooling over a long period of time. 
The second combination (of cardboard containing PCM 23 and a bio PCM 25 mat) can be advantageous in case 
of smaller thermal load or a large load in a long period of time. This may be typical for rooms without windows and 
with hindered ventilation. Heat gains occurring within such spaces in the summer season are a consequence of direct 
gains (from people, equipment, etc.) and indirect profits from neighboring overheated rooms. In these premises, 
thermal loads are smaller than in rooms exposed to direct sunlight. In contrast, the lack of  ventilation possibilities 
results in a long time of sustained maximum air temperature. At the same time, this solution’s advantage (in 
268   Anna Zastawna-Rumin and Katarzyna Nowak /  Energy Procedia  91 ( 2016 )  259 – 268 
comparison to the previous configuration) is a more intense release of stored energy resulting in a shorter cooling 
period. 
Due to the acknowledged presence of hysteresis during storage and release of energy for all tested PCMs, the 
obtained results will be the basis for validation of numerical models. Numerical simulations will lead to an increased 
PCM efficiency. 
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